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(57) A method and an apparatus for determination 
of properties, e.g. of elements of the Jones matrix of an 
optical device under test, comprising the steps of: pro- 
ducing an incoming light beam, splitting the light beam 
into a first light beam and a second light beam, coupling 
the first light beam, preferably having two parts delayed 
with respect to each other, with a given initial polariza- 
tion into the optical device under test, letting the second 
light beam travel a different path than the first light beam, 
superimposing the first light beam and the second light 



beam to produce interference between the first light 
beam and the second light beam in a resulting superim- 
posed light beam, splitting the superimposed light beam 
into a third light beam polarization dependent and a 
fourth light beam, detecting the power of the third and 
the fourth light beam as a function of frequency when 
tuning the frequency of the incoming light beam over a 
given frequency range, deriving optical properties, e.g. 
elements of the Jones matrix, from the frequency de- 
pendency of the detected power. 
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Description 

BACKGROUND OF THE INVENTION 

5 [0001] The present invention relates to determination of a property of an optical device under test, e.g. the determi- 
nation of the elements of the Jones Matrix of an optical device. The Jones matrix contains information about the optical 
properties of the device under test, which can be a fiber or an optical component. Knowledge of the Jones matrix of 
an optical component enables determination of many important optical properties of the component, such as insertion 
loss, reflectivity or transmissivity, polarization dependent loss (PDL), and polarization mode dispersion (PMD). 

10 [0002] PMD is a fundamental property of single mode optical fiber and components in which signal energy at a given 
wavelength is resolved into two orthogonal polarization modes of slightly different propagation velocity. The resulting 
difference in propagation time between polarization modes is called the differential group delay, or DGD. The term 
PMD is used to denote the physical phenomenon in general and the mean, or expected, value of DGD in particular. 
The attributes that define PMD are DGD, and the principal states of polarization, or PSP. Both are generally functions 

15 of wavelength in single mode fiber systems. Long fibers typically exhibit random polarization coupling, and consequent- 
ly, PMD scales with the square root of fiber length for fibers longer than several kilometers. State of the art fiber may 
be limited to a few tenths of picoseconds of DGD per root kilometer. Additionally, state of the art components for such 
fiber communication systems may exhibit only tenths of picoseconds of DGD. 

[0003] PMD causes a number of serious capacity impairments, including pulse broadening. In this respect its effects 
20 resemble those of a chromatic dispersion, but there is an important difference. Chromatic dispersion results from a 
variation in propagation delay with wavelength caused by the interplay of fiber material and dimensions and is a rela- 
tively stable phenomenon. The total chromatic dispersion of a communications system can be calculated from the sum 
of its parts, and the location and value of dispersion compensators can be planned in advance. In contrast, the PMD 
of single mode optical fiber at any given signal wavelength is not stable, forcing communications system designers to 
25 make statistical predictions of the effects of PMD and making passive compensation impossible. Moreover, PMD be- 
comes a limiting factor after chromatic dispersion has been sufficiently reduced. 

[0004] This is because the channel PMD, i.e. the mean value of DGD for the fiber over wavelength and time, also 
called the expected value, can often be in excess of 20 ps. This value is within the bit resolution of a 40 Gbit/s com- 
munication system, and as a result, the communication system is adversely affected by the PMD. Additionally, in state 
30 of the art communication systems components are often introduced in cascades, e.g. by introducing a cascade of a 
great number of Bragg gratings in the fibers. Although the single component of such a cascade may exhibit only tenths 
of picoseconds of DGD the total cascade may exhibit DGDs which reach the resolution of the transmission rate. There- 
fore, it becomes more and more necessary to be able to gain exact information about the PMD of each single compo- 
nent. 

35 [0005] The aforementioned problem has inspired the development of many measurement methods to measure PMD. 
In the following a few methods of the known methods shall be discussed. 

[0006] In the fixed analyzer PMD measurement method PMD is determined statistically from the number of peaks 
and valleys in the optical power transmission through a polarizer as wavelength is scanned. A polarizer placed directly 
before a detector is referred to as an analyzer, hence the name of the method. The fixed analyzer response may be 
40 Fourier transformed to yield a spectrum that gives insight into the degree of mode coupling and allows calculation of 
PMD from a Gaussian fit or from the second-moment algorithm. The problem with the fixed analyzer method is that it 
is not possible to measure the PMD of components which exhibit band widths which are smaller than the variation in 
the optical power transmission over wavelength. 

[0007] Another method is the interferometric method, which determines PMD from the electric field autocorrelation 
45 function using a broad band source. The value of PMD is computed with an algorithm based on the second moment. 
The problem of this method is that it only produces exact values of PMD when the PMD is caused by pure birefringence. 
However, this method is not able to produce useful PMD values when the PMD is wavelength dependent. 
[0008] Another method is the so called Poincare arc or SOP (state of polarization) method, which uses a polarimeter 
to capture the arc traced out on the poincare sphere by the output polarization of the test device over a series of 
50 wavelength increments. However, if the polarized light is coupled accidentally into the main state of polarization of the 
test device no PMD can be measured. Another problem is that a high-resolution polarimeter is necessary which kind 
of polarimeters tend to be very expensive. Moreover, with this method no chromatic dispersion can be measured. 
[0009] Another method is the so called Jones matrix eigenanalysis or JME method. This method determines DGD 
and PSP as functions of wavelength from measurements of the transmission matrix at a series of wavelengths. Again, 
55 this method uses an expensive polarimeter. This method gives no information about chromatic dispersion, neither. 
[0010] Finally, there are methods known which measure the PMD more or less on a direct way. These methods, e. 
g. the modulation phase method and the pulse-delay methods determine PMD from measurements of the change in 
modulation phase and the change in pulse arrival time, respectively, between the principal states of polarization. The 
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drawback of these methods is the pulse shape dependency of the results. 

SUMMARY OF THE INVENTION 

5 [001 1 ] Therefore, it is an object of the invention to enable an improved determination of properties of an optical device. 
[0012] The object is solved by the independent claims. 

[0013] An advantage of the present invention is the possibility of deriving transmissive and reflective properties, e. 
g. the PMD of the device under test (DUT) just by determining the elements of the Jones matrix (which will be explained 
in more detail further below) of the DUT without need to make use of an expensive polarimeter, and the possibility of 

10 simultaneously measuring the chromatic dispersion of the DUT So all the above-mentioned problems in the prior art 
can be avoided by the present invention. Moreover, it is possible to derive additional information from the derived Jones 
Matrix of the DUT The present invention is capable of determining from the Jones matrix of a DUT as a function of 
wavelength during just one measurement. From the measured Jones matrix, it is possible to determine the insertion 
loss, reflectivity or transmissivity, polarization dependent loss (PDL), group delay, chromatic dispersion, differential 

15 group delay, principal states of polarization, and higher-order PMD parameters. 

[0014] It is preferred to use a Jones Matrix. The information in the Jones matrix can be represented in several different 
ways, one alternative is called the Mueller matrix, which carries nearly the same information as the Jones matrix but 
represents it in a 4X4 matrix with all real elements. However, absolute phase properties and consequently chromatic 
dispersion cannot be described by the Mueller matrix. There are other ways to achieve the same goal. One topic of 

20 the invention is a way to measure PMD, PDL, PSPs, DGD, group delay, chromatic dispersion, etc. with the interfero- 
metric method and apparatus described. However, it is possible to perform the inventive derivation with other tensors 
than with the Jones Matrix. 

[0015] The term "coherent" in this application means that the coherence length of the incoming light beam is bigger 
than the difference of lengths of the paths of the light beams to be superimposed. 

25 [0016] In a preferred embodiment of the invention the apparatus contains a first Mach-Zehnder interferometer where- 
by a polarization setting tool is placed in the measurement arm so that the laser light couples into the DUT with a 
defined polarization. This direction of polarization is then defined as the x-axis of the coordinate system of the Jones 
matrix calculus. Accordingly, the first two elements of the Jones matrix can easily be derived. In a second run of the 
inventive method the other two elements of the Jones matrix are derived with the same interferometer by changing 

so the direction of polarization of the tight beam incident on the DUT. It is preferred for ease of evaluation the results to 
change the polarization to a polarization orthogonal with respect to the former polarization. In this respect, it is further 
preferred that the initial polarization is linear and the changed polarization is changed by 90° with respect to the initial 
polarization. 

[0017] In a further preferred embodiment the second run of the inventive method to determine the other two elements 

35 of the Jones matrix is not necessary. The Jones matrix is completely determined with just one run. For a complete 
acquisition of the Jones matrix it is necessary to test the DUT with two orthogonal input polarizations. Therefore, in 
this preferred embodiment a so-called "single scan" measurement concept is proposed. In this concept a polarization 
delay step generates two, preferably orthogonal, polarized signals which are delayed with respect to each other. The 
polarization delay-step provides two polarization states which are fed simultaneously into the DUT and which are 

40 "coded" by different propagation delays. Preferably, to delay the two signals with respect to each other the first light 
beam is split into a first undelayed light beam and a first delayed light beam in the polarization delay step. Subsequently 
both polarizations or parts of the first light beam are superimposed with the light of the local oscillator, i.e. the second 
light beam. Preferably, the two parts of the first light beam are orthogonal polarized with respect to each other so that 
they do not interfere when being superimposed. However, the two polarizations create interference patterns when 

^5 being superimposed with the second light beam. Because of the delay introduced by the polarization delay step, the 
detected interference signals will have two distinct frequencies. These interference frequencies can be individually 
isolated and analyzed using electronic or digital filters. The analysis performed enables a determination of the elements 
of the Jones matrix of the optical device. There are many advantages linked to the aforementioned embodiment of the 
single-scan concept. First of all it is possible in the embodiments in which two scans are performed that the DUT 

so changes its optical properties during the time between scans. Therefore, the stability requirements of the DUT are 
quite high. Moreover, performing two scans requires a lot of time so that with the single-scan concept the measurement 
speed can be increased dramatically. Furthermore, the measurement accuracy can be impaired by vibration noise, 
phase noise or a disturbance of the optical source between the measurements. This is also avoided by present em- 
bodiment. As a further advantage of the present embodiment the required precision with which each datum is assigned 

55 a frequency is less than the precision required in the otherembodiments performing two scans since in this embodiment 
the two scans are performed simultaneously and therefore both relate to a certain frequency of the laser source. 
[0018] It is clear for the skilled person that many other methods for splitting the first light beam, delaying one part 
with respect to the other part of the first light beam, and recombining them with different, preferably orthogonal, polar- 
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izations could be imagined. 

[0019] In a respective polarization delay unit to perform the polarization delay step there are preferably used two 
polarization beam splitters, one to split the first light beam in the first delayed and in the first undelayed light beam, 
and the second to recombine the first delayed and the first undelayed light beam. The two polarization beam splitters 
5 each having two ports are connected with each other by polarization maintaining fiber. One of these two fibers is longer 
than the other to create the aforementioned delay of one part of the split first light beam. Alternatively, the recombining 
polarization beam splitter can be replaced by a polarization maintaining coupler. 

[0020] In another preferred embodiment of eitherthe double or single scan methods, there is a second Mach-Zehnder 
interferometer parallel to the first one. In this second interferometer the same coherent laser beam of the laser source 
10 is coupled in by a beam splitter before these two interferometers. With the help of the second interferometer, which is 
a reference interferometer without an optical device in its measurement arm, any errors in the detected powers of the 
resulting beams of the first interferometer caused by a nonlinearity in the scanning velocity when scanningthe frequency 
of the laser can be eliminated. 

[0021] Instead of using a second interferometer it is possible to use the second port of the second polarization beam 
15 splitter which recombines the two parts of the first light beam to couple out a signal to be used for the wavelength 
measurement. This is done by connecting this port directly with a polarizer which causes interference between the two 
parts of the first light beam, so that an interference pattern is provided to evaluate the scanning velocity when scanning 
the frequency of the laser source. Since the DUT is connected with the other port of the polarization delay unit, this 
port is not influenced by the DUT and can therefore be used as a reference. An advantage of this embodiment is that 
20 it does not need a second interferometer which reduces costs, necessary maintenance and the footprint of the inventive 
apparatus. 

[0022] Other preferred embodiments are shown by the dependent claims. 

[0023] It is clear that the invention can be partly embodied or supported by one or more suitable software programs, 
which can be stored on or otherwise provided by any kind of data carrier, and which might be executed in or by any 
25 suitable data processing unit. The software program is preferably used to evaluate the optical properties from the 
measured data. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 [0024] Other objects and many of the attendant advantages of the present invention will be readily appreciated and 
become better understood by reference to the following detailed description when considering in connection with the 
accompanied drawings. The components in the drawings are not necessarily to scale, emphasis instead being placed 
upon clearly illustrating the principles of the present invention. Features that are substantially or functionally equal or 
similar will be referred to with the same reference sign(s). 

35 

Fig. 1 shows a schematic illustration of a first embodiment of the apparatus of the invention; 
Fig. 2+3 each show two graphs comparing PSP group delay with DGD with and without a device under test; 
40 Fig. 4-1 0 show schematic illustrations of further embodiments of the invention. 
DETAILED DESCRIPTION OF THE INVENTION 

[0025] Referring now in greater detail to the drawings, Fig. 1 shows a'schematic illustration of a first preferred em- 
^5 bodiment of an apparatus 1 for interferometric determination of the frequency-dependent Jones matrix of an optical 
transmission device under test (DUT) 2, according to the present invention. The apparatus 1 according to Fig. 1 and 
the respective method as described in the following is one mode of carrying out the invention. Other modes are de- 
scribed with respect to Fig. 4-8. By means of the apparatus 1 shown in Fig. 1 the DUT 2, which is an optical component 
and can be a fiber, a Bragg grating or any other optical component or even air, is to be characterized in terms of its 
50 chromatic dispersion and its PMD. The apparatus 1 comprises as a signal source a tunable laser 4 which can be 
continuously tuned in respect of frequency. The laser 4 emits a coherent laser beam 6. The laser beam 6 is coupled 
into a first beam splitter 8 which splits the coherent laser beam 6 in a first incoming beam 10 and a second incoming 
beam 12. The first incoming beam 10 is coupled into a second beam splitter 14. The second incoming beam 12 is 
coupled into a third beam splitter 1 6. The second beam splitter 1 4 splits the first laser beam 1 0 into a third laser beam 
55 18 and a fourth laser beam 20. The third beam splitter 16 splits the second laser beam 12 into a fifth laser beam 22 
and a sixth laser beam 24. 

[0026] The third laserbeam 1 8 is coupled into a polarization controller26 (which can be a Hewlett-Packard HP81 69A) 
with three subunits 26a, 26b and 26c. By passing the polarization controller 26 the laser beam, now denoted by 1 9, is 
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adjusted in its polarization and .is coupled into the DUT2. After passing the DUT 2 the laser beam 19 is reunited with 
the fourth laser beam 20. The fourth laser beam 20 has traveled a different optical distance (e.g. several meters) 
compared to the third laser beam 18 and the polarized laser beam 19 from the second beam splitter 14 to the fourth 
beam splitter 28. At the fourth beam splitter 28 the polarized laser beam 19 and the fourth laser beam 20 are super- 

5 imposed to produce interference between the polarized laser beam 19 and the fourth laser beam 20, resulting in the 
first superimposed laser beam 30. The first superimposed beam 30 is then coupled into a polarization beam splitter 
32 which splits the beam 30 into a seventh beam 34 and an eighth beam 36. Beam 34 is then coupled into a first 
photodiode 38. The beam 36 is coupled into a second photodiode 40. Polarization beam splitter 32, first photodiode 
38 and second photodiode 40 build up a polarization diversity receiver. First photodiode 38 and second photodiode 40 

io transmit their outputs to an analog/digital-converter (ADC) 42 (which can be a National Instruments AT-MIO-1 6DE-10) 
connected to an evaluation unit (not shown) to evaluate the detected data. 

[0027] Second beam splitter 14, third laser beam 18 and polarized laser beam 19, fourth laser beam 20 and fourth 
beam splitter 28 build up a Mach-Zehnder interferometer 44. The third laser beam 18 and the polarized laser beam 1 9 
build up a measurement arm of the Mach-Zehnder interferometer 44. The fourth laser beam 20 builds up a reference 
15 arm of the Mach-Zehnder interferometer 44. The DUT 2 is disposed in the measurement arm of the Mach-Zehnder 
interferometer 44. 

[0028] The fifth laser beam 22 and the sixth laser beam 24 travel a different optical distance before they are super- 
imposed with a fifth beam splitter 46 since beam 24 travels a longer distance symbolized by loops 25. Exiting the fifth 
beam splitter 46 is a second superimposed beam 28 which is detected by a third photodiode 50. The third photodiode 

20 50 outputs a respective signal to the analog/digital-converter (ADC) 42. The third beam splitter 1 6, the fifth laser beam 
22, the sixth laser beam 24 and the fifth beam splitter 46 build up a reference interferometer 52 to the measurement 
interferometer 44. This reference interferometer 52 helps as a part of apparatus 1 eliminating a possible nonlinearity 
in time of the tuning velocity of the laser 4. For this purpose the output of the photodiode 50 is an input of ADC 42. 
ADC 42 thereby gets information about occurrence of any non-linearity of the scan velocity of the laser 4. Based on 

25 this information this nonlinearity can be subtracted by the evaluation unit from the results of the measurements of the 
measurement interferometer 44. 

[0029] The tunable laser 4 has a trigger output 5 which is input into the ADC 42 for triggering the ADC 42. 
[0030] The inventive method works as follows: 

By the polarization controller 26 the third laser beam 18 gets a defined polarization, resulting in the polarized laser 
30 beam 1 9. With this defined polarization the polarized laser beam 1 9 is coupled into the DUT 2. After passing the DUT 
2 the polarized laser beam- 19 is superimposed with the fourth laser beam 20, i.e. the reference arm of the Mach- 
Zehnder interferometer 44. The resulting first superimposed beam 30 is then coupled into the polarization beam splitter 
32 which results in the seventh laser beam 34 and the eighth laser beam 36 which are orthogonal polarized components 
of beam 30. These orthogonal polarized beams 34 and 36 are detected by the photodiodes 38 and 40 and the respective 
35 output signals of the photodiodes 38 and 40 are received by the ADC 42. With the signals received by the ADC 42, 
the evaluation unit is able to determine with the calculus described below two (complex) elements of the Jones matrix 
of the DUT 2. The remaining two elements of the Jones matrix of the DUT 2 are obtained by changing the polarization 
of the polarized laser beam 19 with the polarization controller 26 and performing the aforementioned steps of the 
inventive method in a second run of the method (or by using the polarization delay step described below). The changed 
40 polarization of the thus resulting polarized laser beam (not shown) is preferably orthogonal to the polarization of the 
polarized laser beam 1 9 in the first run of the method. Thereby, it is possible to calculate the missing two elements of 
the Jones matrix of the DUT 2. Having the complete Jones matrix it is then very easy to derive transmissivity or reflec- 
tivity, DGD, PMD, PSPs, PDL or chromatic dispersion of the DUT 2. 

[0031 ] To explain the determination of the differential group delay (DGD) by means of the Jones matrix, the following 
45 explanations show the used calculus to perform this determination. 

[0032] The Jones Matrix U provides the relationship between the Jones vectors at the input £ a and at the output f= b 
of the DUT 2: 

so £ b -U{m).Z„ 

where o> is the optical frequency of the input light. From the Jones matrix itself, one can determine the differential group 
delay (DGD), two principal states of polarization (PSPs), reflectivity or transmissivity, and polarization dependent loss 
(PDL). Using a conventional polarimeter, the phase relationship between the left-and right-hand side of the equation 
55 above is ambiguous, and this ambiguity prevents a determination of group delay, chromatic dispersion, etc. The present 
invention, however, enables determination of the proper phase relationship between the two sides of the equation, as 
well as the Jones matrix. Below, this information is used to calculate the group delays associated with each of two 
PSPs of a device. 
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[0033] If ^ and ? te are the (still unknown) principal states at the input and the output of DUT 2, respectively, it is 
possible, with this invention, to establish the following relationship: 

f ^ = e +Jx±< *-U- ? fl± . ^ and 2 tt are to be standardized in such a way that their mean phase disappears: 



lm{E x E y } = 0. 



10 

The principal states are in a first approximation independent of frequency. Therefore the following applies: 



15 



20 [0034] Since the group delay of the device, z g , is given by the definition 

9 day 

25 the preceding expression can be rewritten as a generalized eigenvalue problem: 
30 [0035] The eigenvalues, X, give: 

35 [0036] Thus, the two group delays are just the imaginary part of the eigenvalues. The differential group delay (DGD) 
can be calculated directly, according to the equation.: 

DGD - t + - x. 

40 

[0037] In order to be able to determine the Jones Matrix U, it is necessary (see above) to carry out two partial 
measurements with respectively orthogonal input polarizations f a1 and of the polarized laser beam 19. If those 
two input polarizations are used as base vectors for the Jones representation, then that would correspond to the fol- 
lowing input vectors: 

45 



50 



[0038] The corresponding output vectors read as follows: 

55 
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Eq 5 ^2 - 



*2i y 



V W 22 



[0039] The symbols u mn in that case denote the four elements of the Jones matrix. The light 20 coming from the 
reference arm can be described by the following Jones vector: 



10 



15 



20 



E m = 



[0040] In that case, x r denotes the group delay of the reference arm 20. For the sake of simplicity, it will be assumed 
hereinafter that the power is uniformly distributed to the two base states and there is not a relative phase difference 
between them (linearly polarized light is incident at 45° on the polarization beam splitter 32): 



E = 



25 



41 ' 



[0041] The light incident on the detectors then affords, by virtue of superimposition with the measurement signal: 



30 



35 



40 



45 



V^/>/2l 



with 



E n 



-E n 



U mn = U mn e 



the following applies in regard to the detector powers: 



50 



55 



[0042] On the assumption that the magnitude U mn changes markedly more slowly with frequency than the term cos 
(ip mn + t r a>), it is possible to determine both U mn (w) and also tp mn (o>) from the interference signal present at the detectors 
38, 40. It is possible numerically to calculate the derivation U (to) from the matrix U(o>) and to derive there from as 
described above the DGD. In the case of real measurements, errors occur in particular in determining the absolute 
phase terms of U(co). In that respect it can happen that the light of the reference arm 20 meets the polarization beam 
splitter 32 not linearly but elliptically ($*0), In addition it is problematical that the measurement is composed of two 
wavelength scans of the laser source 4. This problem can be overcome by the embodiments of Fig. 4-8 using a po- 
larization delay unit. Due to the aforementioned uncertainty, there is a phase error <p a in the first column of the Jones 
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Matrix U and % in the second column. Instead of the matrix U.the matrix 0 is measured: 



0 e-» ) \ 0 e"») 



w [0043] As that is equivalent to an upstream-connected or downstream-connected polarization controller 26, this does 
not change anything in regard to the DGD derived there from. The resulting principal states however are different. No 
further corrections are therefore required to determine the DGD. 

[0044] As a first attempt, the above-described method was used as described above by the inventor with the appa- 
ratus of Fig. 1 to measure as a DUT 2 a highly birefringent fiber (HiBi-fiber). The results can be seen in Fig. 2. 

15 [0045] In Fig. 2 the upper plot shows the group delay of the two principal axes. The abscissa shows the wavelength 
in nm and the ordinate shows the group delay in ps. The lower plot shows the difference between the two group delays, 
the DGD in ps over the wavelength in nm. It can be seen that the DGD is very good at 1 0 ps while the absolute values 
fluctuate greatly over wavelength. One reason for this could be Fabry-Perot interference in the free-beam optical po- 
larization controller 26 which was present in the measurement ami in addition to the DUT (see Fig. 1). it is possible 

20 under some circumstances to place the polarization controller 26 upstream of the second beam splitter 1 4 so that group 
delay fluctuations do not play any part. That however also has effects on polarization in the reference arm 20, which 
has to be considered in the evaluation procedure. 

[0046] Fig. 3 shows a measurement with the above-described method without DUT 2 in the apparatus of Fig. 1 . 
[0047] In Fig. 3 the upper plot shows the group delay of the two principal axes. The abscissa shows the wavelength 
25 jn nm and the ordinate shows the group delay in ps. The lower plot shows the difference between the two group delays, 
the DGD in ps over the wavelength in nm. As expected the DGD is closer to zero. Marked deviations from the ideal 
value however can be seen, which permits an assessment of the measurement accuracy of the apparatus 1 of the 
present invention of a few picoseconds. For the description of these parts reference is made to the description of 
embodiment 1 of Fig. 1 . 

30 [0048] Fig. 4 shows a schematic illustration of a second embodiment 1 00 of the present invention.. The main differ- 
ence between embodiment 100 of Fig. 4 and embodiment 1 of Fig. 1 is the introduction of a polarization delay unit 
(PDU) 1 02 in the path of the third laser beam 1 8. The PDU 1 02 is introduced in the path of the third laser beam 1 8 
between the second beam splitter 14 and the DUT 2. The PDU 102 contains a first polarization beam splitter (PBS) 
1 04 and a second PBS 1 06. The first PBS 1 04 splits the third laser beam 1 8 into a first part 1 8a and a second part 

35 1 8b. The paths of both parts 1 8a, 1 8b are provided by polarization maintaining fibers (PMF) to preserve the polarization 
of each part 1 8a, 1 8b, respectively. Subsequently, the first part 1 8a and the second part 1 8b are reunited by the second 
PBS 106. It is assumed that both PBS 104, 106 are manufactured with two ports of PMF and two ports of single-mode 
fiber (SMF). If the devices 104, 106 are connected with standard-aligned connectors the light is guided completely to 
one port of the second PBS 1 06 and no light is coming out of the other port of the second PBS 106. Therefore, the 

40 PMFs of each beam 1 8a and 1 8b are rotated by 45° to produce an output on both ports of the second PBS 1 06. 

[0049] However, the first part 1 8a and the second part 1 8b travel a different optical distance between the first PBS 
1 04 and the second PBS 1 06 since beam 1 8b travels a longer distance symbolized by loops 1 08. This means that the 
second part 18b is delayed with respect to the first part 18a. Moreover, since both parts 18a, 18b are orthogonal to 
each other they do not interfere when being reunited by the second PBS 106. 

45 [0050] The second PBS 1 06 has two outgoing ports 1 1 2 and 1 1 4. At both outgoing ports 1 1 2 and 1 1 4 the two parts 
1 8a, 1 8b are present since they do not interfere with each other. In the path of the beams 1 8a, 1 8b leaving port 1 1 2 is 
a beam splitter 1 1 6, a shutter 1 1 8, the DUT 2, the beam splitter 28 and finally the PBS 32 connected with the detectors 
38 and 40. To measure the optical properties of DUT 2 in transmission. At the beam splitter 28 the light of the two parts 
18a, 18b is superimposed with the local oscillator light 20 as in embodiment 1 of Fig. 1 . The local oscillator light 20 

so reaches the beam splitter 28 through a beam splitter 120. Therefore, both parts 18a and 18b and therefore both po- 
larizations of the beam 1 8 are superimposed with the light 20 of the local oscillator. Therefore, both polarizations create 
interference patterns at the polarization diversity detectors 38 and 40 simultaneously. Due to the different propagation 
delays of the two input polarizations the two interference patterns are separated in the electrical spectrum. Hence a 
digital filter in the (not shown) evaluation unit can split the information belonging to each input polarization. As a con- 

55 sequence the second scan necessary in embodiment 1 of Fig. 1 with the orthogonal polarized beam 1 8 is not necessary 
in embodiment 100, advantageously. 

[0051] Moreover, the DUT 2 can also be measured in reflection. To reach this goal there is provided the beam splitter 
116 in the path of the reflected beam 122. The reflected beam 122 contains reflected parts of the parts 18a and 18b. 
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The beam 122 containing these reflected parts of parts 18a and 18b is superimposed with the light of 20 of the local 
oscillator at beam splitter 116. The superimposed light 124 is then directed on a PBS 126 which splits the light into a 
beam 128 and a beam 130. Beam 128 is connected with a detector 132 and beam 130 is connected with a detector 
134. By detectors 132 and 134 it is possible to measure the optical properties of DUT 2 in reflection. Moreover, based 

5 on the introduction of the PDU 102 it is possible to measure the optical properties of DUT 2 in reflection just with a 
single scan of the laser source 4 since the superimposed beam 124 also contains two parts, one part being the super- 
position of local oscillator light with part 1 8a and the second part being the superposition of the local oscillator light 20 
with the second part 1 8b, the latter being delayed with respect to the first part 1 8a. Hence a digital filter can split the 
information belonging to each input polarization of each part 1 8a, 1 8b in the same way as it is done with the detectors 

10 38 and 40 for the transmission measurement. 

[0052] Instead of the reference interferometer 52 the second port 1 1 4 of the PBS 1 06 is used as a reference inter- 
ferometer by detecting the outcoming light 18a, 18b through a PMF-connected polarizer 136 which makes the parts 
18a and 18b interfere with each other so that there is produced a superimposed light beam 138 which shows an 
interference pattern which can be detected by a detector 1 40 connected with polarizer 1 36. Therefore, it is possible to 

15 simplify the embodiment of Fig. 1 dramatically. 

[0053] In embodiment 100 the input polarization of the system is critically influencing the measurement performance. 
Preferably, the input polarization should be chosen in a way that the light of the local oscillator path 6 is split equally 
onto the four detectors 38, 40, 132, 134. Therefore, the light hitting each PBS 104, 32, 126 has to be appropriately 
polarized to achieve a splitting ratio of 50%, preferably. The valid polarization states are located on a great circle on 

20 the Poincare-sphere. Generally the orientation of this circle is different for each PBS 104, 32, 126. It is guaranteed that 
there are two intersections of each two of these circles which produce a 50% splitting ratio on the corresponding PBS. 
In most cases there is no intersection of all three circles. Therefore, a splitting ratio of 50% at all PBS 104, 32, 126 
cannot be guaranteed. It turns out that even for the worst-case condition an acceptable compromise with splitting ratios 
unequal to 50% can be found. The worst-case condition corresponds to a 22.5° misaligned linear polarization state of 

25 the input polarization of the PDU 102. In this worst-case a minimum splitting ratio of sin 2 (25.5°) = 15% occurs which 
still leads to a well acceptable contrast of the interference patterns. The optimum input polarization of the PDU 102 
has to be found during an initialization procedure (see below). 
[0054] Fig. 5 shows a third embodiment 300 of the present invention. 

[0055] As a difference to the embodiment 100 of Fig. 4 in the embodiment 300 of Fig. 5 the PBS 106 is replaced by 
30 a polarization maintaining coupler 302. Therefore, both output ports 112 and 114 emit the same signal. The use of the 
output signals of the output ports 112, 114 is the same as in embodiment 100 of Fig. 4. In the PDU 102 only the longer 
path 18b has to be rotated by 90° as symbolized by symbol 304 because of the use of the polarization maintaining 
coupler 302. 

[0056] Fig. 6 shows a fourth embodiment 400 of the present invention. In Fig. 6 the set-up of the polarization delay 
35 unit 1 02 is the same as in embodiment 1 00 of Fig. 4. Different to embodiment 1 00 of Fig. 4 the second port 114 of the 
PBS 106 is not used for measurement of the wavelength of the local oscillator. Instead of that a port 402 of the beam 
splitter 120 which is not used in the embodiment 100 of Fig. 4 is used in embodiment 400 of Fig. 6 to tap off the input 
light of the DUT 2. Since the fiber 404 used to transport the signal from port 402 is a single mode fiber (SMF) the 
polarization is not preserved as the polarizer 136 cannot be orientated properly in any case. Therefore, a second 
40 polarizer 406 rotated by 45° with respect to the first polarizer 136 is used to provide an interference pattern in any 
case. To be able to use the second polarizer 406 a beamsplitter 408 is introduced in the fiber 404. The signal transmitted 
by the polarizer 406 is detected by a second detector 410. 

[0057] Fig. 7 shows a schematic illustration of a fifth embodiment 500 of the present invention. Embodiment 500 is 
similar to the embodiment 1 00 of Fig. 4. 

45 [0058] However, in embodiment 500 of Fig. 7 the PDU 1 02 shows a different set-up. Instead of the second PBS 1 06 
there are provided two Faraday mirrors 502 and 504. Using the Faraday mirrors 502, 504 avoids the need of long 
pieces of PMF inside the PDU 1 02 which can cause problems if the polarization is not properly aligned to the axis of 
the PMF. The incoming light beam 1 8 is split into two linear polarizations states (SOP) by the first PBS 1 04 and travels 
along the SMF before it is reflected by the Faraday mirrors 502, 504, respectively. In contrast to regular mirrors the 

50 Faraday mirrors 502, 504 transform each incoming SOP into an orthogonal, reflected polarization state. Thus the light 
is emitted through the fourth port 506 of the PBS 104 without the need of a circulator. Using the PBS 104 also to 
recombine the reflected light reflected by the Faraday mirrors 502, 504 guarantees that the two delayed components 
are orthogonal polarized and do not interfere. If the Faraday mirrors 502, 504 do not generate perfectly orthogonal 
polarization states a small fraction of the light is reflected back to the laser source 4 and does not disturb the signal path. 

55 [0059] The output port 506 of the PBS 1 04 is connected to a PMF 508 to transport the parts 1 8a, 1 8b to the DUT 2 
in the same way as in the embodiment 100 of Fig. 4. 

[0060] A PMC 510 is used to tap off some light which is fed through the polarizer 136 to generate the wavelength 
reference signal. Since neither a 45° connection nor a 90° connection between the two PMFs is needed, this set-up 
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can be realized using commonly aligned polarization maintaining connectors. 

[0061] Moreover, it is possible to introduce a power detector in each path 18a, 18b in the PDU 102 of the embodiment 
500 of Fig. 7 to measure if the power is distributed in each part 18a, 18b equally (not shown in Fig. 7). 
[0062] Before the DUT 2 is connected into the apparatus 500 of Fig. 7 the two photo detectors 38, 40 are used, 
together with a (not shown) feedback circuit, to ensure equal splitting of the local oscillator light 6 by the PBS 32. This 
is done by opening the optical shutter 118 and using the control circuit to adjust the polarization controller 26 properly. 
[0063] To measure the power of each polarization 1 8a, 1 8b hitting the DUT 2, the DUT 2 is replaced by a standard 
single-mode fiber and the experiment is run as described before. The total power in each polarization 1 8a, 1 8b can be 
determined by summing the signals on the two photodiodes 38, 40. Since the standard single mode fiber is assumed 
to be independent of polarization dependent loss (PDL) the power in each frequency of the interference signal repre- 
sents the power in one of the polarizations of the parts 18a, 18b. 

[0064] Fig. 8 shows a schematic illustration of a sixth embodiment 600 of the present invention. As a difference to 
embodiment 500 in embodiment 600 all reference paths and the path to the PDU 102 are built up by PMF. Moreover, 
the local oscillator light 20 is not superimposed with the reflected parts 18a, 18b at the beam splitter 116. In this em- 
bodiment 600 the local oscillator light 20 is superimposed with reflected parts 18a, 18b in a beam splitter 602 before 
the light enters the beam splitter 126. In embodiment 600 the polarization diversity receivers 604, 606 are preferably 
realized in bulk-optics to avoid problems with PMF in the DUT-path. 

[0065] Fig. 9 shows a schematic illustration of a seventh embodiment 700 of the present invention. The differences 
of embodiment 700 with respect to embodiment 100 of Fig. 4 are as follows: The PDU 102 contains no PBS 104. 
Instead of that PDU 102 contains polarization setting tools 702 and 704 in the paths 18a and 18b of PDU 102. The 
path 18 is split into paths 18a and 18b by a beam splitter 706. In each path 18a, 18b there is provided a switch 708, 
710. Paths 18a, 18b are combined by PBS 106. 

[0066] Additionally, embodiment 700 contains a phase calibration unit (PCU) 712. The PCU 712 superimposes parts 
1 8a, 1 8b provided by a beam splitter 71 4 with the reference signal 20 provided by a three port beam splitter 71 6 with 
the help of a beam splitter 718. The superimposed signal is split again by the beam splitter 718 and detected by two 
photodiodes 720 and 722 of the PCU 712. 

[0067] Beam splitter 28, path 30, beam splitter 32 and detectors 38 and 40 build up a transmission receiver 734. 
Beam splitter 736, path 737, beam splitter 126 and detectors 132 and 134 build up a reflection receiver 738. 
[0068] A switch 724 is provided in the reference arm 20 to cut off the reference signal. Switches 708,71 0 and 724 
are not necessary to perform the inventive method. 

[0069] One advantage of using the PCU 71 2 shall be explained by the following: Using the "single-scan" technique, 
it is possible that multiple interference frequencies (the number varies depending on which architecture is chosen) are 
observed in the power spectrum of the received data. By applying a bandpass around each one of the peaks individually, 
one is able to recover information about the element of the Jones matrix associated with that interference peak. The 
filtered interference peak of, for example, associated with the first Jones matrix element has the amplitude and phase 
given by the expression 

p xx \\E J ,\\E Wx \cos{o>t xs + t p xx ) 

The filtered interference peak of the second Jones matrix element, however, can have a different amplitude and phase, 
given by 



The difficulty arises because the delays, i xx and \ yx are different: 
[0070] The Jones matrix should have the structure, 
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is an arbitrary delay. In order to accomplish this, however, one should, among other things, know the difference 



CO 



10 



This should be known with a precision of a few femtoseconds in order to ensure maximum accuracy of the measure- 
ment. One of the best ways to do this is to measure the beat frequencies of the two delayed signals with the LO before 
they have passed through the DUT 2. This is done by the PCU 71 2. In that case ( e.g. as in architectures 700 and 800 
of Figures 9 and 10), the interference signals corresponding to those of the embodiments above would, assuming that 
there is no significant PMD, be at least approximately proportional to 



15 



COS 



and 



20 



cos 



respectively. From these signals it is possible to determine the difference 
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30 



This allows to replace 
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35 with the modified signal 
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Performing the same procedure on all of the interference signals allows to create a Jones matrix with the form shown 
above, 
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[0071 ] It is preferred to measure the difference 



55 



CO 



by the PCU 712 simultaneous with the measurement being performed for at least the following reasons. 1) Due tem- 
perature or strain fluctuations, the value measured at one time may be incorrect at another time. In fact, even though 



11 



EP 1 207 377 A2 



any inaccuracy would be relatively small, it could be enough to make the PMD measurements worse. 2) Much of the 
errors that could occur in these systems are due to acoustic or vibration noise which can perturb the interferometer 
and can give noisy phase measurements. Since the light traverses very similar paths for both the phase calibration by 
PCU 712 and the transmission receiver measurements by detectors 38 and 40, the acoustic noise measured at both 
5 locations can be similar. Consequently, it is possible to use the phase calibration receiver 712 to compensate for 
vibration and acoustic noise in the measurement of the DUT 2. 

[0072] Fig. 10 shows a schematic illustration of an eighth embodiment 800 of the present invention. Embodiment 
800 uses a second PDU 102-2 in the reference arm 20. This second PDU 102-2 produces in the same manner as 
PDU 102 two parts 20a, 20b of the reference signal 20 which parts 20a, 20b are delayed with respect to each other. 
10 However, PDU 1 02-2 contains a different loop 1 08-2 which doubles the delay of the delayed part 20b with respect to 
the undelayed part 20a. An advantage of the second PDU 1 02-2 in LO path is as follows: In the double-sweep technique 
of Figure 1 for determining the Jones matrix, the polarizing beam splitter 32 is used before the transmission receiver 
38 to define an output x and y axis. In other words, the x component of the output light from the DUT 2 is directed to 
receiver 38 where the interference is recorded and used to determine a Jones matrix element. Likewise, the y corn- 
's ponent of the output from the DUT 2 is directed to the other receiver 40 and measured. If an x polarized light were 
originally input to the DUT 2, then the x polarized output detector 38 would provide information about the U xx Jones 
matrix element. Likewise, the y polarized output detector 40 would provide information about the element. 
[0073] When there is introduced a second PDU into the LO path as in embodiment 800, the two orthogonal launched 
polarizations can be used to define the output x and y axes. In other words, the light that travels the short LO PDU 
20 102-2 path 20a is defined to be x polarized at the receiver, and the' light that travels the longer path 20b is defined to 
have a y polarization at the output. Both of the two orthogonal lightwaves transmitted from the DUT 2 PDU 102 will 
interfere with each of the two lightwaves from the LO PDU 1 02-2. This will create, if done properly, four distinct inter- 
ference frequencies. Each one of these interference frequencies carries information about one element of the Jones 
matrix. 

25 [0074] For example, if light from the short path 1 8a of the DUT 2 PDU 1 02 is defined to be x polarized and light from 
the short path 20a of the LO PDU 1 02-2 to be x polarized, then the lowest interference frequency will carry information 
about the fraction of x polarized input light that is also x polarized at the output. This information, therefore, can be 
used to determine the element of the Jones matrix. Each interference frequency can likewise be assigned to a 
Jones matrix element. 

30 [0075] Additionally, embodiment 800 of Fig. 10 contains no PBS 32 and 126 since this is not necessary any more 
when using a second PDU 102-2 as explained above. 

[0076] Besides that, embodiment 800 of Fig. 1 0 uses two photodiodes in each receiver. This means that a transmis- 
sion receiver 802 of embodiment 800, built up by beam splitter 28, a resulting path 30 and a second resulting path 804 
detects both parts 30, 804 with two photodiodes 806 and 808. Similarly, a reflection receiver 810 built up by a beam 

35 splitter 812 detects both parts 814 and 816 provided by beam splitter 812 by respective photodiodes 818 and 820. 
[0077] One of the advantages of two photodiodes 720, 722,806,808,81 8,820 in the receivers 71 2,802,81 0 is: In most 
measurements, the laser power emitted by the tunable laser 4 has small noisy fluctuations called relative intensity 
noise (RIN). These noise fluctuations can have a broad frequency content which can extend into the range of the 
frequencies that are tried to be measured. The end result can be simply noise fluctuations in the measurement of group 

40 delay, insertion loss, PDL, etc. It probably will be a fairly small effect, but it is preferred to make measurements that 
are very precise, so even small effects can be important. This noise can be eliminated using the inventive solution 
involving two photodiodes 720, 722, 806, 808, 81 8, 820. Here is how the inventive solution works: Two lightwaves, E^ 
=Eqi^ wf and E 2 = E 02 eM f ^>, mix in the coupler to obtain the intensity /^f) at the first output port, where, /, =l£, + E 2 I 2 
= Et + E* + 2IEJE2ICOS an. 

45 [0078] The intensity in the other arm would be l 2 =\E^ - E 2 I 2 = E 2 ^ + E^ -2\E^\\E 2 \cosm. Now, the RIN is incorporated 
into the discussion by rewriting the two lightwaves as Ep^+A/^eM where N 1 represents the relative intensity noise 
on lightwave 1 and 

50 - E 2 ={E 02 +N 2 )e M '" ] 

where N 2 represents the relative intensity noise on lightwave 2. When the two lightwaves are added together in a 
coupler, the intensity measured by a photodiode on one arm, is: l^=\E A +E 2 \ 2 =E^ +£jj 2 + 2IE.,||E 2 lcos 
55 orc+2£ 01 A/ 1 +2E 02 /v 2 +A/ 2 + Due to the way the coupler operates on the light, the intensity of the light in the other 
arm is given by: ^l^-tgl^F + ^lE^E^cos o^^M, + 2E 02 N 2 + AT + Af\ 

[0079] Clearly then, the noise can be removed through a simple subtraction of the intensities measured at the two 
output arms of the coupler. The result is: 
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^-/g^iEjEglcosooT. 

[0080] Since in these interferometric techniques, one should be mostly concerned about the interference term, sub- 
5 traction is a convenient way to eliminate RIN. 

[0081] Both embodiments 700 and 800 contain a wavelength reference unit (WRU) 730 located upstream of the 
beam splitter 14 and connected by a beam splitter 732 to the path of the beam 6. WRU 730 measures the wavelength 
of the beam 6 as a reference for the evaluation steps of the invention to further enhance the accuracy of the evaluated 
results. However, the WRU is not necessary to perform the invention. 

10 

Claims 

1 . A method of determination of a property of an optical device under test (2), comprising the steps of: 

15 

splitting an incoming light beam (6) into a first light beam (18, 19) and a second light beam (20), 

coupling the first light beam (18, 19) with defined polarization into the optical device under test (2), 

20 - letting the second light beam (20) travel a different path as the first light beam (18, 19), 

superimposing the first (18,19) and the second light beam (20) to produce interference between the first light 
beam (18, 19) and the second light beam (20) in a resulting superimposed light beam (30), 

25 - detecting the power of the superimposed light beam (30) as a function of frequency and polarization when 

tuning the frequency of the incoming light beam (6), over a given frequency range 

deriving the optical property of the optical device under test (2) from the frequency dependence of the detected 
powers. 

30 

2. The method of claim 1 , further comprising the step of: 

splitting the superimposed light beam (30) in a polarization dependent manner into a third light beam (34) and 
a fourth light beam (36), 

35 

- detecting the power of the third light beam (34) and the fourth light beam (36) as a function of frequency when 
tuning the frequency of the incoming light beam (6) over a given frequency range. 

3. The method of claim 1 or 2, further comprising the step of: 

40 

deriving elements of the Jones matrix for the optical device under test (2) from the frequency dependence of 
the detected powers. 

4. The method of claims 1 - 3, further comprising the steps of: 

45 

changing the polarization of the first light beam (18,19) with respect to said defined polarization into a changed 
polarization, 

performing the steps of claim 1 a second time with said changed polarization. 

50 

5. The method of claims 1 - 4, further comprising the step of: 

setting the polarization of the first light beam (18, 19) after splitting the incoming light beam (6), or 
55 - setting the polarization of the incoming light beam (6) before splitting it. 

6. The method of any one of the claims 4 or 5, further comprising the step of: 
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- changing the polarization of the first light beam (18,19) into an orthogonal polarization . 

7. The method of any one of the claims 4 - 6, further comprising the step of: 
5 - making the defined polarization a linear polarization. 

8. The method of any one of the claims 4 - 7, further comprising the steps of: 

splitting the incoming light beam (6) into a first initial light beam (10) and a second initial light beam (12), 

10 

performing the steps of claim 1 with said first initial light beam (1 0), 

splitting the second initial light beam (12) in a fifth light beam (22) and a sixth light beam (24), 

15 - superimposing the fifth (22) and the sixth light beam (24) after each light beam (22, 24) has traveled a different 

path, to produce interference between the fifth (22) and the sixth light beam (24) in a resulting superimposed 
light beam (48), 

detecting the power of the resulting superimposed light beam (48) as a function of frequency when tuning the 
20 frequency of the incoming light beam (6) over a given frequency range, 

detecting a nonlinearity in the tuning rate of the incoming light beam (6) over the given frequency range, 

when detecting a nonlinearity, using said detected non-linearity information to compensate effects on the de- 
25 tected powers of the third (34) and the fourth light beam (36) caused by said nonlinearity. 

9. The method of any one of the claims 1 - 8, further comprising the steps of: 

splitting the first light beam (1 8,1 9) into a first part (1 8a) and a second part (1 8b), 

30 

delaying the second part (1 8b) relative to the first part (1 8a), 
recombining the first (1 8a) and the second part (1 8b), 
35 - coupling the recombined parts (1 8a, 1 8b) with different polarizations into the optical device under test (2). 

10. The method of claim 9, 

whereby the polarizations of the parts (1 8a, 18b) being at least approximately orthogonal to each other. 

40 

11. The method of any one of the claims 9 or 10, further comprising the step of: 

whereby each recombined part (18a, 18b) having at least approximately 50% of the power of the coherent 
light beam (6). 

45 

12. The method any one of the claims 9-11, further comprising the steps of: 

filtering a peak in the spectrum of detected powers, 

50 - allocating the peak in the spectrum to the respective part (1 8a, 1 8b), 

deriving optical properties of the optical device undertest (2) from the frequency and polarization dependence 
of the detected powers. 

. 55 13. The method any one of the claims 9-12, further comprising the steps of: 

producing interference between the recombined parts (1 8a, 1 8b) in a resulting superimposed light beam (1 38), 
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continuously detecting the power of the resulting superimposed light beam (138) as a function of frequency 
when tuning the frequency of the incoming light beam (6) over a given frequency range, 

detecting a nonlinearity in a tuning gradient frequency when tuning the frequency of the incoming light beam 
5 (6) over the given frequency range, 

when detecting a nonlinearity, using said detected nonlinearity information to compensate effects on the de- 
tected powers of the third (34) and the fourth light beam (36) caused by said nonlinearity. 

10 14. The method of claim 13, further comprising the step of: 

producing interference by superimposing the recombined parts (1 8a, 1 8b) by polarizing the recombined parts 
(18a, 18b). 

15 15. The method of any one of the claims 4-14, further comprising at least one of the following steps: 

deriving the polarization mode dispersion of the device under test (2) from the information obtained through 
the measurement, preferably represented as Jones matrix elements of the device under test (2), 

20 - deriving the chromatic dispersion of the device under test (2) from the Jones matrix elements of the device 

under test (2), 

deriving the principal states of polarization of the device under test (2) from the Jones matrix elements of the 
device under test (2), 

25 

deriving the polarization dependent loss of the device under test (2) from the Jones matrix elements of the 
device under test (2). 

deriving the fast and slow group delays, associated with the fast and slow principal states of polarization of 
30 the device under test (2) from the Jones matrix elements of the device under test (2). 

deriving the insertion loss of the device under test (2) from the Jones matrix elements of the device under test 
(2). 

35 - deriving the transmissivity of reflectivity of the device under test (2) from the Jones matrix elements of the 

device under test (2). 

deriving higher-order polarization mode dispersion parameters, such as the rate of change of the differential 
group delay with frequency, from the Jones matrix elements of the device under test (2). 

40 

16. The method of any one of claims 9-15, further comprising the step of: 

splitting the first light beam (18,19) into a first (1 8a) and a second part (1 8b) in a polarization dependent manner. 

45 17. An apparatus for determination of optical properties of an optical device under test (2), comprising: 

a first beam splitter (14) in a path of an incoming light beam (6) for splitting the incoming light beam (6) into a 
first light beam (1 8, 1 9) traveling a first path and a second light beam (20) traveling a second path, wherein 

so the optical device under test (2) can be coupled in said first path for coupling in the first light beam (18, 19) 

with defined polarization, 

a second beam splitter (28) in said first and in said second path for superimposing the first (18,19) and the 
second light beam (20) after the second light beam (20) has traveled a different path as the first light beam 
55 (18, 19), to produce interference between the first light beam (18, 19) and the second light beam (20) in a 

resulting superimposed light beam (30) traveling a resulting path, 

a detector unit (38, 40, 806, 808, 818, 820) in said resulting path for detecting the power of the resulting 
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superimposed light beam (30, 804, 814, 816) traveling the resulting path as a function of frequency and po- 
larization when tuning the frequency of the incoming light beam (6) over a given frequency range, 

an evaluation unit for deriving optical properties of the optical device under test (2) from the frequency de- 
5 pendency of the detected powers. 

18. The apparatus of claim 17, comprising: 

a polarization beam splitter (32) in said resulting path for splitting the superimposed light beam (30) in a po- 
10 larization dependent manner into a third light beam (34) traveling a third path and a fourth light beam (36) 

traveling a fourth path, 

a first power detector (38) in said third path for detecting the power of the third light beam (34) as a function 
of frequency when tuning the frequency of the incoming light beam (6) over a given frequency range, 

15 

a second power detector (40) in said fourth path for detecting the power of the fourth light beam (36) as a 
function of frequency when tuning the frequency of the incoming light beam (6) over a given frequency range. 

19. The apparatus of claims 17 or 18, 

20 comprising an evaluation unit for deriving elements of the Jones matrix of the optical device under test (2) from 

the frequency dependence of the detected powers. 

20. The apparatus of claim 1 7-19, 

wherein the first beam splitter (14), and the second beam splitter comprise a Mach-Zehnder interferometer and/ 
25 or a Michelson interferometer. 

21 . The apparatus of claims 1 7 - 20, 

further comprising a polarization setting tool (26) positioned in said first path for adjusting the polarization of the 
first light beam (1 8, 1 9) to the defined polarization, 
30 wherein the polarization setting tool (26) is positioned in the path of the incoming light beam (6) before or after the 

first beam splitter (14). 

22. The apparatus of claims 17 - 21 , 

wherein the polarization setting tool (26) is adjusting the polarization of the respective beam (6; 18) in a linear 
35 manner. 

23. The apparatus of any one of the claims 17- 22, further comprising: 

a third beam splitter (8) in the path of the incoming light beam (6) for splitting the incoming light beam (6) into 
40 a first initial light beam (10) traveling a first initial path and a second initial light beam (12) traveling a second 

initial path, 

a fourth beam splitter (1 6) in said second initial path for splitting the second initial light beam (1 2) in a fifth light 
beam (22) traveling a fifth path and a sixth light beam (24) traveling a sixth path, 

45 

a fifth beam splitter (46) in said fifth and said sixth path for superimposing the fifth (22) and the sixth light beam 
(24) after each light beam (22, 24) has traveled a different path, to produce interference between the fifth (22) 
and the sixth light beam (24) in a resulting superimposed light beam (48) traveling a second resulting path, 

so a third power detector (50) in said second resulting path for detecting the power of the resulting superimposed 

light beam (48) as a function of frequency when tuning the frequency of the incoming light beam (6over a given 
frequency range, 

whereby an output of the power detector (50) is connected with the evaluation unit for detecting any nonlinearity 
55 in a tuning gradient frequency when tuning the frequency of the coherent light beam (6over the given frequency 

range, and in case evaluation unit is detecting any nonlinearity, the evaluation unit is using said detected 
nonlinearity information to compensate effects on the detected powers of the third (34) and the fourth light 
beam (36) caused by said nonlinearity. 
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24. The apparatus of any of the claims 17- 23, 

further comprising: a polarization delay unit (102) for: 

- splitting the first light beam (18,19) into a first part (1 8a) and a second part (1 8b), 

5 

delaying the second part (1 8b) relative to the first part (1 8a), 

recombining the first (1 8a) and the second part (1 8b), 

10 - providing the recombined parts (1 8a, 1 8b) with different polarizations for coupling into the optical device under 

test (2). 

25. The apparatus of claim 24, 

the polarization delay unit (102) comprising a first polarization beam splitter (104) for splitting the first light beam 
15 (18,19) into a first part (1 8a) and a second part (1 8b). 

26. The apparatus of any one of the claims 24 or 25, 

the polarization delay unit (1 02) comprising a second polarization beam splitter (1 06) for recombining the first part 
(1 8a) and the second part (1 8b). 

20 

27. The apparatus of any one of the claims 24 - 26, 

the polarization delay unit (102) comprising a first optical path for the first part (18a) and a second optical path for 
the second part (18b), the second path having a longer (108) optical length than the first path, for delaying the 
second part (18b) relative to the first part (18a). 

25 

28. The apparatus of any one of the claims 24 - 27, 

the polarization delay unit (1 02) comprising a polarizing device (1 04, 1 06, 502, 504) for providing the recombined 
parts (1 8a, 1 8b) with different polarizations for coupling into the optical device under test (2). 

30 29. The apparatus of any one of the claims 24 - 28, 

the polarization delay unit (102) comprising a device (114,116,120,510) for providing the recombined parts (18a, 
18b) with different polarizations to a polarizer (136, 406) to produce interference between the parts (18a, 18b) in 
a resulting superimposed light beam (138) traveling a resulting path, 

the apparatus further comprising a power detector (140, 41 0) in said resulting path for detecting the power of the 
35 resulting superimposed light beam (138) as a function of frequency when tuning the frequency of the coherent 

light beam (6) over a given frequency range, 

whereby an output of the power detector (140,410) is connected with the evaluation unit for detecting any nonlin- 
earity in a tuning gradient frequency when tuning the frequency of the incoming light beam (6) over the given 
frequency range, and in case evaluation unit is detecting any nonlinearity, the evaluation unit is using said detected 
40 nonlinearity information to compensate effects on the detected powers of the third (34) and the fourth light beam 

(36) caused by said nonlinearity. 

30. The apparatus of claim 29, 

the device (114, 116, 120, 510) being: 
45 an output port (114) of the second polarization beam splitter (106) not to be connected with the optical device 

under test (2), or 

a polarization maintaining coupler (51 0) to be connected with the output port (1 1 4) of the second polarization beam 
splitter (106) to be connected with the optical device under test (2), or 

at least one beam splitter (116,120) to be connected with the output port (114) of the second polarization beam 
50 splitter (1 06) to be connected with the optical device under test (2). 



55 
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Fig .3 
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